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 Introduction 
 Motivation – flash sintering
 Experimental system
 Background – first results on ultra-rapid sintering
 Flash microwave sintering of (Yb0.05Y0.85La0.1)2O3
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80-foot long, low-e kiln for electric-
field-assisted sintering of a variety 
of whiteware
COMMERCIALIZATION OF FIELD-ASSISTED SINTERING…
… AND THE CHALLENGES
J. Francis et al.
http://fastceramics.com/flashsintering.html
MICROWAVE PROCESSING OF MATERIALS
 Fast volumetric heating 
 Reduced process duration and energy consumption 
 Improved microstructure and functional properties













24 GHz / 5…10 kW 
Surface heatingVolumetric heating
GYROTRON SYSTEMS 
FOR MICROWAVE PROCESSING OF MATERIALS
Institute of Applied Physics, Russian Academy of Sciences
Laboratory for Microwave Processing of Materials
[Yu. Bykov et al., IEEE Trans. Plasma Sci., 32, 67 – 72 (2004)]
High-voltage  












Block diagram of the 




HEATING REGIMES IN MICROWAVE PROCESSING
Regimes of microwave heating Result
Feedback-regulated microwave power Heating at a constant (preset) rate, stop at Tmax
Fixed (preset) microwave power Uncontrolled fast temperature rise, stop at Tmax
Feedback loop for power control
Nd:Y2O3 laser ceramics
(Institute of Applied Physics and
Institute of Electrophysics, 2007)





























T = 1500 °C t = 0 heating rate 50 °C/min controlled heating ρ = 5.335 g/cm3 (99 %)
Ultra-rapid / flash sintering of (Yb0.05Y0.85La0.1)2O3 laser ceramics
(a) regimes with a controlled heating rate
T =1500 °C dT/dt = 100 °C/min ρ = 5.318 g/cm3 (98.7 %)
T =1500 °C dT/dt = 50 °C/min ρ = 5.335 g/cm3 (99 %)
T =1500 °C dT/dt = 150 ° C/min ρ = 5.339 g/cm3 (99 %)
T =1500 °C dT/dt = 200 ° C/min ρ = 5.224 g/cm3 (96.9 %)
Тmax =1590 °C dT/dt = 6000 °C/min
























(b) temperature runaway regimes
Tmax =1475 °C dT/dt = 4800 °C/min
ρ = 5.29 – 5.30 g/cm3 (98.3 %) 









The sintered Yb:(LaY)2O3 ceramic disks have 
uniform transparency over its entire area, which 
suggests that the final porosity is uniform despite 
the significant radial temperature non-uniformity 
existing during heating. 
Transparent, dense (Yb0.05Y0.85La0.1)2O3 ceramic samples 













50 1500 240 1140 7.2 98.5
100 1500 185 960 5.4 98.5
100 1550 250 960 5.9 98.6
150 1500 200 930 3.8 98.5
200 1500 180 930 2.85 97.2
1350 1300 840 (*) 0.37 98.0
2100 1590 1000 (*) 0.56 98.5
2400 1475 (**) (*) 0.28 98.1
(*) Process carried out at constant 
microwave power level – no automatic 
control over microwave power
(**) Partial melting occurred – no 
single cooling rate value could be 
determined due to heat release during 
crystallization.
The microwave power absorbed in the sample, 
per unit volume:
pabs = σeff E2, where E2 is proportional to the 
input power in the cavity P:
QdVΕP 220  
The decrease in the input power in the 
feedback-regulated mode means a sharp 
increase in the conductivity σeff.




[R. Raj, J. Eur. Ceram. Soc., 32, 2293–2301 (2012)]
QUANTITATIVE  ESTIMATES
QdVΕP 220input  Q ~ 104Electric field strength: [W] 5[V/cm] inputPE 



























Cms|(dT/dt)-| = mmelt qsol /ΔτFraction of “melted” material:
pabs = 20 ... 400 W/cm3
E = 100 ... 300 V/cmPinput = 0.5 ... 4 kW,  
mmelt / ms ≤ 0.2
Conductivity of the “melt” phase:
(dT/dt)+ = 50 ... 5000 ºC/min,
C = 0.885 J/g·K, qsol = 105 kJ/mol (Y2O3)
σeff = σ (p – pc)t
pc = 0.16,  t = 1.6
p ≈ mmelt / ms
(3D percolating structure)
σ = 0.25 ...0.7 (Ω·cm)-1
compares to Y2O3 conductivity above Tm: σ = 0.9 (Ω·cm)-1
[Yu. Bykov et al., J. Am. Ceram. Soc., 98 [11], 3518–3524 (2015),  doi: 10.1111/jace.13809] 
Element Intragrain Intergranular phase
C 1.80 ± 0.09 1.50 ± 0.06
O 14.44 ± 0.47 17.36 ± 0.81
Y 68.83 ± 0.37 59.57 ± 2.00
La 9.13 ± 0.14 16.53 ± 1.70
Yb 5.79 ± 0.10 5.04 ± 0.18
Compared to the material of the grains, the intergranular phase is enriched with La and O and depleted 
with Y. This has been also confirmed qualitatively by element maps obtained by X-ray microanalysis. The 
relative weight content in the bulk of the grains is close to the stoichiometric ratio for the composition 5 at.% 
Yb3+ (La0.1Y0.9)2O3; however, in the intergranular phase it is notably different. The deviation from 
stoichiometry due to La segregation into the intergranular phase can be one of the reasons for lower 
transmission of the flash sintered optical ceramics. 
Table 1. Results of element analysis, wt. %
Elements content within grains and in the intergranular phase
Elements distribution was analyzed by energy dispersion spectrometry (EDS) using JEOL EX-54175 JMH 
detector combined with the microscope (JEOL JSM-6390 LV). The characteristic element composition of the 
phases was determined by averaging the results of measurements in 5 points belonging to the intragrain areas 
and 7 points in the intergranular phase. Each point measurement characterized a spot of about 1 µm in size. 
The averaged element contents, including the mean-square errors, are listed in Table 1.
[Muccillo R, Muccillo ENS, Kleitz M. Densification and enhancement of the grain boundary conductivity of 
gadolinium-doped barium cerate by ultra fast flash grain welding. J Eur Ceram Soc 32 (2012) 2311]
ULTRA-RAPID MICROWAVE SINTERING OF Y2O3
Compacted sample positioned within the gyrotron system 
applicator in a quartz crucible; 











Quartz crucible 110 mm dia.
µV
R = 15 Ω
U = 1 V 
stabilized
Pt
Y2O3 nanopowder produced at the Institute of Chemistry 
of High-Purity Substances, Russian Academy of 
Sciences, Nizhny Novgorod, Russia by the method of 
self-propagating high-temperature synthesis (SHS).
dc conductivity was measured during 




































At the initial stage of heating, the samples were heated in air at a rate of 10 °C/min to 800 °C and held at this 
temperature for about one hour to remove the absorbed water and residues of the organics. At and below this 
temperature no densification of samples was detected. Then the applicator was evacuated to 1 – 10 Pa if required 
and the samples were heated to the preset target temperature with a heating rate in the range 10…200 °C/min.

















































Heating rate, °C/min 
Y2O3 1500 °C
 The decrease in the density of the sintered 
samples with an increase in the heating rate is due 
to the reduction of the effective sintering time.
 At low heating rate densification is impeded by the
coarsening due to surface diffusion
 Although the change in the heating rate from 10 to 
200 °C/min requires an increase in the input 
microwave power from 400 to 2000 W, the 
corresponding increase in the electromagnetic 
field strength does not lead to an increase in the 
final density of samples.
 At low heating rates the density decreases with the 
increase in the heating rate, which is explained by the 
reduction of the effective sintering time and is typical of 
non-isothermal sintering.
 However, with a increase of the heating rate to 50 
°C/min and above, the final density increases 
significantly in spite of further reduction in the sintering 
time. 




























































































































































The microwave power absorbed in the sample, per unit volume:
pabs = σeff E2, where E2 is proportional to the input power in the cavity P:
The decrease in the input power means a sharp increase in the conductivity σeff.
In the range 50 – 200 °C/min the temperature at which the conductivity exhibits the increase does 
not depend on the heating rate, although the power varies by a factor of 4. This suggests that the 
microwave electromagnetic field does not affect the conductivity.
This is confirmed by dc measurements of conductivity during microwave heating of sintered Y2O3
samples. The activation energy of conductivity was 1.96 ± 0.15 eV, which coincides with the 1.94 
eV value that is characteristic of high-purity polycrystalline Y2O3 [N.M. Tallan and R.W.Vest, J. Am. 
Ceram. Soc., 49, 4 1 (1966)].
QdVΕP 220  
Y2O3 SAMPLES WITH DENSITY ABOVE 98 % 
OBTAINED BY RAPID MICROWAVE SINTERING
Heating rate 100 °C/min
Maximum temperature 1600 °C
Density 98.3 %  
Duration of high-temperature 
stage of sintering ~ 8 minutes
Specific absorbed microwave 
power ~ 40 W/cm3
Heating rate 100 °C/min
Maximum temperature 1700 °C
Density 98.1 %  
Initial Y2O3 powder
1700 °C / 100 °C/min
1700 °C / 150 °C/min
Y2O3 Sintering regime ρ / ρth (%) H (GPa) K1C (MPa·m1/2)
150 °C /min → 1500 °C 95.0 6.7 0.9
200 °C /min → 1550 °C 96.0 6.8 0.9
100 °C /min → 1600 °C 98.3 6.7 0.9
100 °C /min → 1600 °C 97.7 6.8 1.1
100 °C /min → 1770 °C 98.1 6.5 1.0
100 °C /min → 1700 °C 98.1 6.6 0.9
10 °C /min → 1600 °C x15 min 97.6 7.2 1.1
■ Ultra-rapid or flash microwave sintering of various oxide powder materials, with the 
duration of the high-temperature stage on the order of or less than 1 minute, has 
been demonstrated.
■ The observed rapid sintering effect is accompanied by a sharp increase in the 
effective conductivity of the material and modification of the grain boundary structure. 
It probably results from the preferential absorption of the microwave radiation and 
enhanced mass transport within the grain boundaries, where the concentration of 
defects and impurity atoms is elevated. 
■ The estimated specific absorbed power is of the same order of magnitude as the 
power measured in the flash sintering experiments with a dc electric field applied. 
■ The described ultra-rapid sintering method does not require electrodes to apply the 
electric potential to the object undergoing sintering, which is an obvious advantage.
CONCLUSION
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